Despite the severe ecological and economic damage caused by introduced species, factors that allow invaders to become successful often remain elusive. Of invasive taxa, ants are among the most widespread and harmful. Highly invasive ants are often unicolonial, forming supercolonies in which workers and queens mix freely among physically separate nests. By reducing costs associated with territoriality, unicolonial species can attain high worker densities, allowing them to achieve interspecific dominance. Here we examine the behavior and population genetics of the invasive Argentine ant (Linepithema humile) in its native and introduced ranges, and we provide a mechanism to explain its success as an invader. Using microsatellite markers, we show that a population bottleneck has reduced the genetic diversity of introduced populations. This loss is associated with reduced intraspecific aggression among spatially separate nests, and leads to the formation of interspecifically dominant supercolonies. In contrast, native populations are more genetically variable and exhibit pronounced intraspecific aggression. Although reductions in genetic diversity are generally considered detrimental, these findings provide an example of how a genetic bottleneck can lead to widespread ecological success. In addition, these results provide insights into the origin and evolution of unicoloniality, which is often considered a challenge to kin selection theory.
I
nvasive species are recognized as a leading threat to biodiversity as well as an increasing economic concern (1) (2) (3) . Despite these problems, the attributes responsible for the establishment and spread of specific invaders are often difficult to pinpoint or are unknown (4) (5) (6) . In particular, studies that examine the biology of invasive species in both their native and introduced ranges are surprisingly rare, despite the potential insights that can be gained from such comparisons. In many cases, forces external to the biology of the invasive species, such as escape from predators, competitors, and parasites (4, 7) or characteristics of the invaded habitat (4, 6, 8, 9) , are implicated as the primary causes of invasion success. When the characteristics of invasive species themselves are considered, it is usually in terms of general demographic or life history traits that typify a broad suite of taxa (4, 6) . However, many insights may be gained by examining the specific attributes responsible for success of particular invasive species. Here we examine the behavior and population genetics of the highly invasive Argentine ant (Linepithema humile) in its native and introduced ranges, and provide a mechanism to explain its success as an invader.
The Argentine ant is a widespread and damaging invasive species (10) . In the United States, it was first detected in New Orleans in 1891, and by 1907, was established in California (11) , where it is now common in coastal habitats, riparian woodlands, and irrigated urban and agricultural areas (12, 13) . Once established, the Argentine ant displaces most native ants (12) (13) (14) (15) (16) and detrimentally affects other non-ant arthropods (17) . These direct effects reverberate through communities as other taxa are affected indirectly (18, 19) . In contrast, Argentine ants in their native range coexist with other ants in species-rich communities (20, 21) . This difference may correspond with variation in colony structure between native and introduced populations of Argentine ants (20) . In their native range, Argentine ants appear to defend territories against conspecifics (20) , whereas introduced populations are thought to be more unicolonial, forming expansive supercolonies (11, (22) (23) (24) . Previous work has demonstrated that the absence of intraspecific aggression within supercolonies reduces costs associated with territoriality, and leads to increases in colony size (25) . Because individual Argentine ant workers are small, they rely on numerical superiority in interference interactions with larger native species (26) . The apparent differences between native and introduced populations in both colony structure and competitive dominance suggest that exploration of the causes of intraspecific aggression will illuminate factors responsible for the Argentine ant's success as an invader.
To elucidate the mechanisms responsible for the success of an invasive species, we compared behavioral and genetic characteristics of Linepithema humile at two spatial scales in both its native and introduced ranges. First, we quantified intraspecific aggression among nests at a local scale within seven introduced and eight native populations. Next, we examined the relationship between intraspecific aggression and genetic similarity among nests from sites along 1,000-km transects through California (introduced range) and northern Argentina (native range). Finally, to examine more closely the mechanisms that delineate colony structure, we investigated the relationship between genetic similarity and intraspecific aggression across supercolony boundaries.
Methods
Study Areas. To examine the frequency and degree of intraspecific aggression among nests at a local spatial scale, behavioral data were collected in Argentina at five sites on the Rio Paraná [Reserva Otamendi (8 nests), Reserva Ecologíca Costanera Sur (9 nests), Parque Nacional PreDelta (9 nests), Porto Ocampo (9 nests), and Itá-Ibaté (9 nests)] and at three sites on the Rio Uruguay [Ibicuy (7 nests), Colón (6 nests), and Alvear (7 nests)]. In the introduced range, behavioral data were collected in Bermuda (6 nests) and Chile (12 nests) and from five sites in the United States [New Orleans, LA (6 nests); La Jolla, CA (12 nests); Encinitas, CA (10 nests); Temecula, CA (6 nests); and Palo Alto, CA (7 nests)] (Fig. 1) .
We collected workers for large-scale genetic and behavioral analyses from nests at six sites in Argentina: Buenos Aires, Rosario, Parque Nacional PreDelta, Porto Ocampo, Isla de las Cerritas, and Itá-Ibaté. In the United States, workers for these analyses were collected at nine sites within California: Los Angeles, Santa Barbara, Morro Bay, Santa Maria, King City, Salinas, San Jose, Sausalito, and Ukiah (Fig. 1) .
To examine more closely the relationship between intraspecific aggression and genetic similarity, we also collected workers Data deposition: The sequences of the microsatellite loci reported in this paper have been deposited in the GenBank database (accession nos. AF173162, AF173163, AF173164, and AF254979). † To whom reprint requests should be addressed. E-mail: ntsutsui@biomail.ucsd.edu.
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Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073͞pnas.100110397. Article and publication date are at www.pnas.org͞cgi͞doi͞10.1073͞pnas.100110397 from different supercolonies. We defined a supercolony as a group of nests among which intraspecific aggression was absent. In Argentina, workers were collected from eight supercolonies at three sites: Reserva Otamendi (6 nests, 3 colonies), Reserva Ecológica Costanera Sur (9 nests, 4 colonies), and Buenos Aires (2 nests, 1 colony). Because intraspecific aggression is rare in the introduced range, extensive searching was necessary to find different supercolonies in California. In California, workers were collected from seven sites representing six supercolonies: Encinitas (9 nests, 2 supercolonies), La Jolla (8 nests, 1 supercolony), Temecula (4 nests, 2 supercolonies), Solana Beach (1 nest, 1 supercolony), Sweetwater Reservoir (2 nests, 1 supercolony), Lake Hodges (1 nest, 1 supercolony), and Mission Trails Regional Park (1 nest, 1 supercolony) (Fig. 1) . One supercolony is represented by nests from multiple sites (Encinitas, La Jolla, Temecula, and Solana Beach).
Behavioral Assays. We measured intraspecific aggression with a standard aggression assay (20, 25) . We randomly selected a single worker from each of two nests and placed them together in a vial with Fluon-coated sides for 5-10 min. We scored the behavioral interactions that ensued in order of escalating aggression: touch ϭ 1 (contacts that included prolonged antennation), avoid ϭ 2 (contacts that resulted in one or both ants quickly retreating in opposite directions), aggression ϭ 3 (lunging, biting, and pulling legs or antennae), or fight ϭ 4 (prolonged aggression between individuals). We recorded the highest level of aggression for each trial and then used the mean of 5-10 trials for each nest pairing to calculate an average aggression score. This assay had a high repeatability (r ϭ 0.881) (27) and, on average, variance among trials within nest pairings was low (s 2 ϭ 0.302).
Molecular Analysis. Four microsatellite loci (Lihu C1.1, Lihu M1, Lihu S3, and Lihu T1) were cloned from a small-insert genomic library (20) . Primers for three additional loci (Lhum-11͞11B, Lhum-14, and Lhum-33) were designed on the basis of sequences present in GenBank (accession nos. AF093525, AF093520, and AF093517) (51) . Ten to 15 individuals from each nest were genotyped at these seven microsatellite loci, and these data were used to calculate unbiased estimates of expected heterozygosity (28) and the percentage of alleles shared by each pair of nests. The percentage of alleles shared is a measure of genetic similarity and refers to the alleles shared at these focal loci, and not the alleles shared overall.
Statistical Analysis. We used the percentage of alleles shared rather than relatedness coefficients (R) (29) as our measure of genetic similarity between nests. Estimates of percent alleles shared were calculated for each nest pair as the number of alleles shared by two nests divided by the sum of alleles possessed by both nests. We did not use R because it is a measure of genetic similarity calculated relative to a reference population (P*) (29) . Because introduced populations are very genetically homogeneous, R will be low when calculated with only the introduced population as P*, regardless of the level of absolute genetic similarity. Alternatively, when P* includes both native and introduced populations, R values within introduced populations will be higher (30, 31) . However, when two widely divergent groups are combined in this way, the allele frequencies of the reference population will fall between the values of each range and will not accurately represent either. We have therefore chosen to use a more absolute measure, the percentage of alleles shared, to determine levels of genetic similarity between groups. To examine the relationship between genetic similarity and intraspecific aggression, we used linear regression. Each point in our regressions represents a unique pairing of nests, but some nests were used in more than one pairing. Consequently, these points may not be completely independent of one another. Therefore, we tested significance (one-tailed) by using a Mantel test and 10,000 permutations of the data. Nest pairing for behavioral assays was distributed across nests to prevent overrepresentation by a single or a few sites. In Argentina the mean number of trials per nest was 3.4 Ϯ 0.3 (SE). In California each nest was used for 6.4 Ϯ 0.5 trials. The Student t test was used to examine differences between the slopes and intercepts of the regressions.
Results
The Argentine ant passed through a genetic bottleneck during its introduction to California. Overall, the number of alleles in the introduced range is half that found in the native range, despite greater sampling in the introduced range (Table 1) . Similarly, the average expected heterozygosity in California has decreased by 68% relative to that found in the native range (Table 1) .
Within sites, patterns of intraspecific aggression differed between the native and introduced ranges. Intraspecific aggression was typically absent in introduced populations (Fig. 2A) . In contrast, pronounced intraspecific aggression was common throughout the native range (Fig. 2B) . These data illustrate the striking disparity in behavior between ants in the two geographic ranges.
At large spatial scales, behavioral and genetic characteristics were also markedly different between the two ranges. In Argentina, distant nest pairs displayed high levels of aggression and low 
Fig. 2.
Relationship between degree of intraspecific aggression and distance between nest pairs at each of 15 sites within native (A) and introduced (B) ranges of the Argentine ant. Native populations typically exhibited pronounced intraspecific aggression over short distances. In contrast, intraspecific aggression was rare in introduced populations. Aggression between nests was measured by using a behavioral assay ranging from 1 (no aggression) to 4 (high aggression).
levels of genetic similarity (Fig. 3) . In contrast, equally distant nest pairs in the introduced range were genetically similar, and aggression was not observed (Fig. 3) . These data mirror the behavioral differences observed between the native and introduced populations at small spatial scales (Fig. 2) . Once intercolony aggression was detected in the introduced range (e.g., Fig. 2 , Encinitas), intensive sampling was initiated to locate other supercolonies and identify their boundaries. The results of these pairings are shown in Fig. 4 . Despite the genetic and behavioral differences observed between native and introduced populations, the quantitative relationship between degree of intraspecific aggression and genetic similarity appears similar in both ranges. Specifically, when intraspecific aggression is detected in the introduced range, the degree of aggression among nests decreases with increasing genetic similarity, as in native populations (Fig. 4) . In addition, the slopes and intercepts of these regressions did not differ (Fig. 4) , suggesting that the mechanism underlying nestmate recognition has been retained in introduced populations. The greater variance about the regression in Fig. 4B is largely a consequence of reduced genetic variability of introduced populations. Because the total number of alleles in introduced populations is one-half that observed in native populations, the effect of sampling error (e.g., failure to detect an allele) will be twice as large in the introduced range. This sampling error disproportionately increases the variance around the regression in introduced populations. Additionally, the variation around the regression in both ranges will be increased because microsatellites are indicators of genetic similarity and presumably are not directly involved in the process of nestmate recognition. Therefore, the increased scatter around the regression in Fig. 4B is both expected and consistent with predictions based on the loss of genetic diversity experienced by introduced populations. Despite the influence of these factors, the relationship between genetic similarity and intraspecific aggression is highly significant in both ranges (Fig. 4) .
Discussion
Our findings demonstrate that, relative to native populations of Argentine ants, introduced populations are less diverse geneti- Fig. 3 . Relationships among intraspecific aggression, genetic similarity, and distance at large spatial scales (60 -800 km) in native (Argentina, F) and introduced (California, E) populations. Aggression between nests was measured by using a behavioral assay ranging from 1 (no aggression) to 4 (high aggression). (A) Relationship of intraspecific aggression and distance between nests. Aggression scores did not overlap between native and introduced populations. All nest pairs in Argentina displayed high levels of aggression, whereas nest pairs in California did not. (B) Genetic similarity between nests versus distance. Nest pairs in California shared at least 75% of alleles. In contrast, 17-63% of alleles were shared between nest pairs in Argentina. (C) Relationship between aggression and genetic similarity of nests. In California, aggression was absent and nests were genetically similar, whereas in the native range the opposite pattern held. Fig. 4 . Relationship of aggression between nests and their genetic similarity. Aggression between nests was measured by using a behavioral assay ranging from 1 (no aggression) to 4 (high aggression). For this analysis, extensive sampling was necessary to locate nest pairs that exhibited intraspecific aggression within California. Average aggression decreased with increasing genetic similarity in both Argentina (A; 29 nest pairs, y ϭ 5.48 Ϫ 0.046x) and California (B; 83 nest pairs, y ϭ 5.37 Ϫ 0.042x). The slopes and intercepts of these regressions did not differ (t tests, P Ͼ 0.5). Additionally, adding the nest pairs from the long distance comparisons (Fig. 3) increases significance.
cally and display intraspecific aggression less frequently. However, when introduced populations do exhibit intraspecific aggression, the relationship between genetic similarity and the degree of aggression resembles that of native populations. Therefore, the absence of intraspecific aggression in introduced populations has likely resulted from a loss of genetic variability associated with a population bottleneck. Because reduced intraspecific aggression leads to the higher population densities key to the ecological dominance of Argentine ants (25, 26) , our results demonstrate how a relatively simple population genetic change can have dramatic ecological and economic consequences. The ecological success of this species is surprising, given that reductions in genetic diversity are generally believed to be harmful (32, 33) .
Genetically based cues can be used to identify nestmates because colony members are often related in social insects (34) (35) (36) (37) . In such systems, selection should set a threshold of genetic similarity necessary for the acceptance of nestmates. In Argentine ants, this threshold will be set relative to the high genetic diversity in native populations. Although introduced populations still possess the ability to recognize genetically different individuals (Fig. 4) , a consequence of their widespread genetic similarity is that there is rarely sufficient genetic differentiation to elicit intraspecific aggression. Thus, low levels of genetic differentiation could lead to the formation of expansive supercolonies as reported here (Figs. 2 and 3 ) and in other introduced populations (11, 23) .
Unicoloniality is a recognized problem for kin selection theory because workers appear to bestow altruism upon unrelated individuals (38, 39) . However, our findings suggest that unicoloniality may arise through the widespread loss of genetic diversity and the resulting subversion of kin recognition mechanisms. Additional support for this hypothesis comes from the widespread prevalence of unicoloniality among other invasive ant species (such as Wasmannia auropunctata, Pheidole megacephala, and Monomorium pharaonis) (24, 38, 40) many of which undoubtedly experienced a genetic bottleneck during introduction. In contrast, noninvasive unicolonial species, such as mound-building Formica, may have achieved unicoloniality via an alternative pathway involving the monopolization of stable resources and long-lived nest sites (38, 41) .
One well-studied invasive species is the red imported fire ant (Solenopsis invicta), in which differences in colony structure exist between native and introduced populations (42) (43) (44) . In its introduced range, the more ecologically destructive multiplequeened (polygyne) form of S. invicta (45) exhibits reduced intraspecific aggression relative to the single-queened (monogyne) form (46) . Introduced populations of S. invicta have also passed through a population bottleneck that has reduced genetic variation (43) and affected the sex-determining system (47) . It will be of interest to determine whether the occurrence of intraspecific aggression differs between native and introduced populations of other invasive species (such as S. invicta) and, if so, to determine whether similar underlying mechanisms are involved. In addition, an examination of native populations of Argentine ants that lack intraspecific aggression over hundreds of meters (e.g., Itá-Ibaté, Fig. 2B ) will provide further insights into the transition from multicoloniality to unicoloniality.
Although our results suggest that genetic factors play an important role in nestmate recognition in Argentine ants, environmental cues are likely also involved, as they are in other social insects (34, 48) . When nestmates share food or nesting material, odors from these sources can be used to assess group membership (34, 48) . Three lines of evidence suggest that environmental factors cannot solely explain the occurrence of intraspecific aggression in this system. First, in California, intraspecific aggression was absent across an environmentally heterogeneous 1,000-km transect. Second, in a previous study, intraspecifically aggressive nests of Argentine ants reared on identical diets and under similar lab conditions maintained high levels of aggression over a 3-month period (25) . Finally, mate preference studies in the Argentine ant have shown that queens avoid inbreeding by preferentially mating with unrelated males, apparently by using genetically based cues (49) .
Despite the apparent short-term success of unicolonial species such as the Argentine ant in its introduced range, there are several reasons why unicoloniality may not persist over evolutionary time. Because many unrelated queens each contribute to the worker caste in unicolonial species, relatedness among nestmates (30, 38, 50) , and therefore the heritability of worker behaviors (39) , can approach zero. Under these circumstances, adaptive changes in worker behavior could not evolve (39) . Alternatively, genetic differentiation among spatially distant populations could lead to increased nestmate recognition and the breakdown of widespread unicoloniality. Additionally, mutations that promote nepotism should be favored and could lead to greater multicoloniality (38) . Evidence that unicoloniality may be evolutionarily unstable is provided by its patchy phylogenetic distribution across ant taxa (34, 38) .
Our results also suggest a possible control strategy for the Argentine ant. Given the association between genetic variability and intraspecific aggression, the introduction of new alleles into introduced populations could increase genetic differentiation to a level sufficient to trigger intraspecific aggression. An increase in intraspecific competition within introduced populations should decrease the density of Argentine ants, allowing native ant species to compete more effectively, thereby facilitating the recovery of invaded ecosystems. However, a possible risk of this approach is that increasing genetic diversity may undermine future control strategies designed to exploit the genetic homogeneity of introduced populations.
